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Paramagnetic to Superparamagnetic Transition in Ni(OH)2 Nanoparticles
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We report the temperature and field dependence of dc magnetization on sol gel prepared nanopar-
ticles of Ni(OH)2. At higher temperature the system is found to behave as a paramagnet while we
find evidence for superparamagnetic blocking at low temperature. The system shows a paramagnet-
superparamagnet transition and we discuss the underlying mechanism.
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For the past decade or so nanomaterials have been at-
tracting a great deal of attention from scientists and engi-
neers. The increasing interest of scientists, in particular,
can be attributed to the novel and unusual properties
that the nanomaterials exhibit compared to traditional
materials. Nanoparticles are a particular class of nano-
materials and nanoparticles of magnetic materials have
been engaging our attention for sometime now. Nanopar-
ticles of ferro and ferrimagnetic materials are rather well
studied compared to nanoparticles of antiferromagnetic
materials. In recent years nanoparticles of antiferromag-
netic materials have been reported to show unusual and
interesting results never observed in ferro and ferrimag-
netic nanoparticles [1, 2]. Nanoparticles of antiferromag-
netic NiO have been rather well studied [1, 3, 4, 5] com-
pared to other antiferromagnetic nanoparticle systems.
This nanoparticle system is known to show many anoma-
lous properties [1, 5]. Recently we showed [6, 7] that
this system shows spin glass behavior at lower tempera-
tures and this result has been independently arrived at
by others as well [8]. In all these works the nanoparticles
of NiO of different sizes are prepared by almost similar
methods. To begin with Ni(OH)2 is prepared by a sol gel
method and then nanoparticles of NiO of different sizes
are produced by heating the Ni(OH)2 at different tem-
peratures. Although NiO nanoparticles are rather well
studied, the behavior of Ni(OH)2 itself has not attracted
much attention, even though it happens to be quite an
interesting nanoparticle system in its own right. Long
back, Richardson and Milligan [3] reported some work
on sol gel prepared Ni(OH)2 where they claimed that the
the system is paramagnetic and its susceptibility can be
described by Curie-Weiss law at higher temperatures. In-
terestingly they mentioned that the susceptibility of the
system is field dependent below 100 K but this data was
not reported and neither was there any follow up work
to understand the system. This state of affairs have mo-
tivated us to have a look at the sol gel prepared Ni(OH)2
afresh.
Nanoparticles of Ni(OH)2 are prepared, by a sol gel
method, by reacting aqueous solutions of nickel nitrate
and sodium hydroxide at room temperature at pH = 12,
as described in our recent works [6, 7]. The temperature
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FIG. 1: ZFC (solid symbol) and FC (open symbol) magneti-
zation for Ni(OH)2 nanoparticles as a function of temperature
in a field of 100 G. The inset shows a magnified view of the
peak in the ZFC magnetization as a function of temperature.
and magnetic field dependence of the magnetization of
this sample is measured with a SQUID magnetometer
(Quantum Design, MPMS XL5).
We characterized our sample by x-ray diffraction and
transmission electron microscopy. The X-ray diffrac-
tion pattern indicated that the prepared sample is single
phase hexagonal Ni(OH)2. The average crystallite size
was calculated by x-ray diffraction line broadening using
the modified Scherrer formula [6, 7, 9] and it turns out to
be about 8 nm. The average particle size estimated from
transmission electron micrograph is close to the average
crystallite size obtained from x-ray diffraction.
We measured the zero field cooled (ZFC) and field
cooled (FC) magnetization as a function of temperature
for Ni(OH)2 nanoparticles and the results, for a mea-
suring field of 100 G, are shown in Figure 1. This fig-
ure shows that as a function of temperature there is a
peak in ZFC magnetization while the FC magnetiza-
tion decreases monotonically with increasing tempera-
2ture. These features are characteristic of a superparam-
agnet [10]. In the case of a superparamagnet the temper-
ature corresponding to the peak, Tp, in the ZFC magne-
tization is called the blocking temperature. The blocking
temperature decreases with increasing applied magnetic
field and the field dependence is described by [10]
Tp(H) ∝ (1−
H
HK
)2, (1)
where HK is a constant. From this equation it is clear
that for a superparamagnet the square root of the block-
ing temperature should decrease linearly with increas-
ing strength of applied magnetic field. To check whether
this is the case we measured the ZFC magnetization as
a function of temperature in different applied magnetic
fields and the curves are shown in Figure 2. In figure 3
we plot T
1/2
p against applied magnetic field H and note
that these quantities are linearly related. The solid line
shows a straight line fit to the data which is seen to be
very good. These observations indicate that the peak in
the ZFC magnetization seen in figure 1 is due to super-
paramagnetic blocking of magnetic moments of Ni(OH)2
nanoparticles.
We measured the magnetization as a function of mag-
netic field at different temperatures. This is shown in
Figure 4 at two different temperatures of 10 K and 300 K.
We see a hysteresis loop at 10 K, well below the block-
ing temperature. But at 300 K, well above the blocking
temperature, there is no coercive force and no hysteresis.
The magnetization of a system consisting N nonin-
teracting magnetic moments each of magnitude µ as a
function of temperature T and magnetic field H is given
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FIG. 2: ZFC magnetization as a function of temperature for
Ni(OH)2 nanoparticles in various applied magnetic fields.
0 1 2 3 4 5
3.6
3.8
4.0
4.2
 

 
T p
1/
2  
(K
1/2 )

H (kG)
FIG. 3: Plot of T
1/2
p as a function of applied magnetic field H .
The solid line shows a linear fit to the data. The coefficient
of determination R2 for this fit is 0.99944.
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FIG. 4: (color online) M-H curves at 10 K and 300 K for
the sample. Hysteresis is seen in the 10 K data while there
is no hysteresis at 300 K. The 300 K data is again shown
in the inset with a different scale to clarify that there is no
hysteresis.
by the relation [11]
M = NµL(x). (2)
Here L(x) is the Langevin function defined as
L(x) = [cothx−
1
x
], (3)
where x = µHkBT and kB is the Boltzmann constant. Equa-
3tion (2) describes the magnetization of a superparamag-
net as well as of a paramagnet. In the case of a super-
paramagnet µ denotes particle magnetic moment, usually
of a magnitude of a few hundred to a few thousand Bohr
magnetons, whereas for the case of a paramagnet µ de-
notes the ionic magnetic moment of magnitude of only a
few Bohr magnetons. This huge disparity between the µ
values of the superparamagnet and the plain paramagnet
shows up as distinct saturation behaviors: the magnetiza-
tion of a superparamagnet tends to saturate at relatively
low applied magnetic fields while a paramagnet requires
a huge magnetic field to saturate its magnetization. We
have collected the field dependent magnetization data at
200 K and 250 K in addition to the 300 K data shown
earlier to check whether our sample shows superpara-
magnetism at these temperatures. We note that these
temperatures are well above the blocking temperature
of the system. The data are shown in Figure 5 and we
observe that the magnetization of the system increases
with increasing magnetic field or with decreasing tem-
perature as would be expected for a superparamagnet
above its blocking temperature. From Equations (2) and
(3) it is clear that for a paramagnet as well as for a su-
perparamagnet the magnetization M is a function of HT .
In other words all M vs. HT curves should superimpose
[11]. A plot of magnetization as a function of HT is shown
in Figure 6. This figure shows that all the data points
lie, more or less, on a single master curve. We also see
that there is no sign of saturation of the magnetization
even at a value of 225 G/K of HT . This plot shows that
the behavior of the system is paramagnetic and not su-
perparamagnetic for the following reasons. Firstly, for
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FIG. 5: (color online) Magnetization M as a function of ap-
plied magnetic field H at different temperatures.
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FIG. 6: (color online) Magnetization M as a function of H
T
for Ni(OH)2 nanoparticles.
superparamagnets the plot is not so good because there
is always some particle size distribution [12]. Any distri-
bution in µ will always prevent the data points from lying
on a single master curve whenever M is plotted against
H
T . Secondly, a superparamagnet saturates at compara-
tively lower values of HT [11, 12, 13] whereas a paramagnet
saturates at much higher values of HT [14, 15]. Thus we
see that at high temperatures the behavior of the system
is paramagnetic.
From the previous discussions it is clear that the be-
havior of the system is superparamagnetic at lower tem-
peratures whereas it is paramagnetic at higher tempera-
tures. The magnetic susceptibility χ, defined as the ratio
M
H at low fields, of a paramagnet decreases with increas-
ing temperature T following Curie law χ = CT . Here C
is a material dependent constant. In paramagnetic ma-
terials the interaction energy of any spin with the other
spins is zero. A non zero interaction among the spins may
result in ferromagnetic or antiferromagnetic ordering of
spins below a transition temperature TC . In such cases
the susceptibility of the system above TC is described by
Curie-Weiss law χ = CT−TC , if the interaction results in
ferromagnetic ordering, and is described by χ = CT+TC , if
the interaction results in antiferromagnetic ordering. We
fitted the ZFC magnetization data above 100 K shown in
Figure 1 to these equations and found that the best fit is
given by the Curie-Weiss law. This indicates that there
is some kind of ferromagnetic interaction among the ionic
moments. The values of best fit parameters C and TC
are 1.20 × 10−2 emu K/g Oe and 26 K respectively.
Let us do a quick check to see whether the numbers
obtained from the fit are reasonable. According to the
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FIG. 7: (color online) MagnetizationM as a function of H
T−TC
for Ni(OH)2 nanoparticles. The extent of overlapping of the
data points compared to that shown in Figure 6 is much bet-
ter.
Hund rules [14] the values of spin quantum number S and
total angular momentum quantum number J for Ni2+
are 1 and 4 respectively. This gives rise to a spin an-
gular momentum of 2.83 µB and total angular momen-
tum of 5.59 µB. The net magnetic moment of the Ni
2+
in Ni(OH)2 will depend on the extent of quenching of
the orbital angular momentum and will have a value be-
tween 2.83 µB and 5.59 µB. The value of fit parameter
C in Curie-Weiss law is Nµ
2
3kB
. Using the numerical value
from the previous paragraph, the value of µ turns out
to be about 2.98 µB which falls in between 2.83 µB and
5.59 µB. The number is quite consistent and as an aside
we note that the orbital contribution seems more or less
completely quenched.
We find it difficult to resist describing an interesting
observation before we wrap up. We have found that the
magnetization obeys the Curie-Weiss law and varies as
1
T−TC
for T ≫ TC . Taking this observation a bit further
we may claim that the magnetizationM of the system is
a function of HT−TC , instead of
H
T . This would imply that
all M vs. HT−TC curves should superimpose. A plot of
magnetization as a function of HT−TC is shown in Figure
7 which clearly shows that all the data lie on a single
master curve. A very clear improvement in overlapping
of the data points compared to that shown in Figure 6 is
apparent.
Let us summarize and conclude this story. We re-
ported magnetization measurements on sol gel prepared
nanoparticles of Ni(OH)2. We find that at higher tem-
peratures Ni2+ spins within each nanoparticle behave
as paramagnetic ions. As we lower the temperature
the system undergoes a paramagnetic to ferromagnetic
transition at an estimated temperature of around 26 K.
We would expect that the particles would now be su-
perparamagnetic and, indeed, that turns out to be the
case as we see superparamagnetic blocking below about
18 K in a 100 G applied field. We also note that the
blocking temperature varies with the applied field as one
would expect for a superparamagnet. The paramagnet-
superparamagnet transition we have seen appears to be
a new finding.
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